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APPLIED TECHNCLOGY LABORA" Y POSITION STATEMENT

The Advancing Blade Concept {ABC) rotor system was conceived as a means to alleviate classical retreating blade
stall limitations and permit rotary wing flight throughout an expanded flight envelope. Unlike earlier g=neration com- :
pound helicopters, which used wings to unload the rotor at high speeds, an ABC helicopter retains rotor lift under

high speed/high altitude conditions and therefore does not need a wing.

This report addresses the research, development, and test effarts involved in demonstrating the feasibility of the ABC
rotor system. It covers contractual work spanning 8-1/2 years during which time the ABC rotor evolved through ;
design, small scale wind tunnel tests, miscellaneous laboratory and ground tests, incarporation into the XH-59A demon-

strator aircraft, an finally, test of that aircraft. The primary emphasis is on flight test results — as a puis helicopter

up to level flight speeds of 156 knots true airspeed {KIAS) and with auxiliary propulsicn up to level flight speeds of

238 KTAS. R

g

Test results have been igvorable and have verified the feasibility of this type of rotor system. Many of the original
concerns relative to handling qualities and rotor stability have been laid 10 rest. Some insight has been gained into
the magnitude of the design compromises needed to accommodate both conventional and high speed flight in one
rotary winq aircraft.

- A oroduction ABC helicopter would require the application of composite materials technology and rotor redesign 1o

B reduce the rotor weight fraction. For missions requiring speeds above approximately 160 knots, an integrated
lift/thrust propuision system would be used to selectively power the rotors for lift or power the fans (or propelier)
for thrust. Some type of vibration attenuation device would 2iso be needed.

Results of this program will form a data base from which subsequent ABC designs can evolve. Technical areas
requiring further R&D effort to exploit the potential of the ABC rotor have been identified.

Flight testing of the XH-59A under Navy contract DAAKET-80-C-0021 is continuing. The speed envelope has been
expanded to 263 KTAS and the aircraft has been flow.: to a density altitude of approximately 25,000 feet.

M:. Harvey R. Young and Mr. John A. Macrino from the Aeronautical Systems Division were the project engineers
for this program, and Mr. Duane R. Simon was the project test pilot.

DISCLAIMERS

The findings in this report are not tc be construed as an official Department of the Arhy position unless so
designated by other authorized documents.

When Government drawings, specificatiuns, or other data are used for any purpose other than in connaction
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever: and the fact that the Government may have formulated, furnished.
or in any way supplied the said drawings, specifications, or other data is not to be regarded kv implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to manufecture, use, or sell any patented invention that may in any way be related thereto,

Trade names cited in this report do not constitute an official endorsement or approval of the use of such
commercial hardware or software.
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PREFACE

This report describes the results of a flight test program
conducted with the Advancing Blade Concept (ABC) aircraft,
serial number 21942. Tests were conducted in both the pure
helicopter ard the auxiliary ropulsion configuration.
Flights were performed by the Sikorsky Aircraft Division of
United Technologies Corporation under Contracts DAAJ02-72-C-
0020 and DAAJ02-75-C-0009, with the Applied Technology Labora-
tory, U.S. Army Research and Technology Laboratories, Fort
Eustis, Virginia. Testing was conducted at the contractor's
flight test facilities in Stratford, Connecticut, and West
Palm Beach, Florida, and at Rentschler Field, East Hartford,
Connecticut. Prcgram Managers for the c¢ontractor were
Messrs. G. Stack, D. Jenney, D. Halley, and A. Linden.

Flight testing in the pure helicopter configuration commenced
on 21 July 1975 and was completed on 9 Marcn 1977. The air-
craft was modified with turbojets for auxiliary propulsion,
and flight testing in that configuration began on 6 April 1978
and continued through 31 May 1980. It was conducted under the

supervision of Messrs. W. Groth, A. Ruddell and R. McCutcheon.

The Sikorsky test pilots were Messrs. B. Graham, D. Wright,
J. Wright, C. Evans, and R. Holasek. Government evaluaticn
pilots were Messrs. D. Simon, Applied Technology Laboratory,
R. Gerdes, NASA Ames Research Center, and Maj. M. Blair and
Lt. Cmdr. T. MacDonald, Naval Air Test Center. Messrs.
H. Young, H. Murray, D. Simon, J. Whitman, D. Arents, and
J. Macrino were the Army Technical Representatives.

Funding for contract DAAJ02-72-C-0020 was provided by the U.S.
Army. Funding for contract DAAJ02-75~C-0009 was provided by
the U.S. Army, the U.S. Navy, and the National Aeronautics and
Space Administration (NASA). The U.S. Air Force supplied J-60
engines for auxiliary propulsion flight testing.
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INTRODUCTION

The Advancing Blade Concept (ABC)TM rotor system, with a pair
of counterrotating, c¢oaxial, very rigid hingeless rotors,
represents a significant departure from all predecessor heli-
copter rotor systems. [t derives its name from the fact that
the predominant lift load at high forward speeds 1s carried by
the advancing blades on both sides of the aircraft. Since the
retreating blades are not required to carry a significant
fraction of the total lift lcad at forward speed, the speed
and load factor limitations of ti.e conventional heliccpter due
to retreating plade stall are eliminated. Unlike a conven-
tional helicopter, zrotor 1lift capability 1s retained with
increasing speed, and speed capability is maintained at alti-
tude.

In addition to performance benefits, the ABC's unique coaxial
rigid rotors vrepresent a significant departure from past
practice in handling gualiities, acoustics, locads and dynamics.
As with other coaxial counterrotating rotors, torque cancella-
tion 1s provided, thereby eliminating the need for a tail
rotor and 1ts associated shafting and gearboxes.

Advancing Blade Concept development began in 1964. Extensive
analytical and experimental studies culminated in the test of
a 40~-foot~diameter rctor in the Ames 40-x-80-foot wind tunnel
in 1970 (Reference 1). The wind tunnel tests covered a speed
range of 80 to 180 knots and advance ratios of 0.21 to 0.91.
Test results confirmed the performance potential of the ARC
rotor system. In addition, the full-scale wind tunnel program
developed materials technology and fabrication techniques to
make construction of a demonstrator aircraft practical.

In December 1971 the U.S. Army awarded Sikorsky Ailircraft
Contract DAAJ02-72-C-0020 to design, fabricate, and fly the
XH-59A to demonstrate the performance, handling gualities, and
maneuver capabilities of the ABC rotor system. In August 1973
the first demonstrator aircraft, S/N 21941, was badly damaged
in a hard landing during low speed forward flight test. A
thorough accident investigation established that the incident
was not inherent to any basic flaw 1in the concept. In
November 1974 contract DAAJ(02-75-C-0009 was awarded to con-
tinue the flight test program with aircraft S$/N 21942. This
report documents the results of that contract.

1. FULL=-SCALE WIND TUNNEL INVESTIGATION OF THE ADVANCING
BLADE CONCEPT ROTOR SYSTEM, USAAVLABS Technical Report
71-25, Eustis Directorate, U.S. Army Alr Mobility R&D
Lab, Fort Eustis, Va, August 1971, AD 734338.
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Sixty-~six hours of helicopter mode flying have been completed
with the test envelope expanded to 156 KTAS in level flight
and 186 KTAS in a dive. Altitudes of 14,000 feet Were inves-
tigated.

Auxiliary propulsion flying was done in two phases. The
first phase involved testing with the two rotors mounted on
the aircraft to cross each other at the 90-degree azimuth

« 3 position. This testing included 24 hours and expanded the

- envelope toc 204 KTAS. The second phase of flight testing had
the rotors installed to cross each other at ¢ degree azimuth
position. This included 16 hours of flight tests and ex-
panded the envelope to 238 KTAS.
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DESIGN DESCRIPTION

The XH~55A Advancing Blade Concept demonstrator aircraft is
designed as a research aircraft to investigate the rotor
characteristics .n both helicopter and auxiliary propulsion

modes. Figure 1 shows the aircraft in the helicopter mode,
and the auxiliary propulsion configuration 1is shown in
Figure 2. Table 1 summarizes the general aircraft attri-
butes. Detailed design descriptions are presented 1in the

following sections.

TABLE 1. XH-59A AIRCRAFT ATTRIBUTES.

Alrcraft Length (rotor turning)....... 41 ft 6 in.
Fuselage Length....... ... 40 ft 10 in.
Main Landing Gear Tread............... 8 ft
Helght. ... . ittt tianennnn 12 ft
Rotor Diameter........cuoveeeernncennns 36 ft
Number of Rotors......... .. ... ..., 2
Blades per Rotor.......... oo 3
Rotor Separation...............coouun.- 30 in.
Blade Taper Ratio............ ..., 2:1
Blade Twist (nonlinear).............. =10 deg
Total Rotor Solidity (P€75)........... .127
* R
Precone Angle......... ... vimiiann.. 3 deg
Prelag Angle......... ... i iiiinenn. 1.4 deg
Shaft Tilt....ieiiiiirerennnennnnnnnnn 0 deg
Design Rotor Speed (helicopter........ 650 ft/sec
aux propulsion)... 450 ft/sec

Drive System Design Power............. 1500 hp,
Tail Surface - Horizontal............. 60 ftz

- Vertical............... 30 ft
Elevator - & of Horizontal Tail....... 25
Rudder - % of Vertical Tail........... 30
Power Plants - Lift................... (2) PT6-3

= Thrust................. (2) J60-P3A
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Figure 1. ABC Fure Helicopter.

“

Figuare 2. ABC Auxiliary Propulsion Helicopter.
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ROTOR SYSTEM

The ABC rotor system consists of two three-bladed counter-
rotating rotors classified as rigid or more precisely, stiff
inplane hingeless. The latter name refers to that categery of
rotors which have no mechanical hinges in the two bending
degrees of freedom and which have a first chordwise bending
natural frequency higher than one times the rotor speed. The
flapwise bending stiffness distribution is based on the
following design requirements:

(a) The advancing blade concept involves allowing
a large part of the rotor lift to be generated
in the advancing portion of the rotor disc in
high speed flight using conventional one-per-
rev cycle pitch. This requires a relatively
high flapwise frequency (or effective hinge
offset) in the first flapwise bending mogde.

{b) The distance between the upper and lower
rotors is minimized to reduce drag. This
requires sufficient stiffness to prevent the
blade tips from contacting in flight.

(c) The stiffness distribution must resuit in
sufficient bending fatigue strength in the
selected materials under the high vibratory
moments generated by the rigid rotor.

To meet the stiffness requirements at a minimum weight, the
rotor blades are tapered in airfoil thickness, the highest

taper occurring inboard. In addition, the airfoil chord
length 1is tapered linearly from tip to root to maximize the
performance of the rotor. Figure 3 shows spanwise distribu-

tions of the airfoil chord length and thickness ratio. The
rotor blades have an effective built-in twist of approximately
10 degrees which varies nonlinearly from tip to root as shown
in Figure 4.

The rotor radius 1is 216 inches and normal operating rotor
speed is 345 rpm, yielding a tip speed of 650 feet per second.

The primary structural member of the rotor blade is the spar
which provides most of the blade's flapwise stiffness require-
ments. The spar 1is constructed of 6-4 titanium alloy to
maximize the fatigue stress allowable for a given weight in a
metal structure. The hollow member, highly tapered in both
wall thickness and periphery, is fabricated from a thick-
walled extrusion which is machined both internally and
externally and then hot formed to the required elliptical
shape. The inboard end is round and threaded for attachment
to the pitch bearing assembly.
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A laminate of boron-composite material is bonded to the upper
and lower spar surfaces to increase the stiffness of the
structure. A nosecap assembly consisting of shaped balance
weights and a polyurethene abrasion strip is bonded to the
leading edge of the spar thereby forming the leading edge of
the airfoil. The aft fairing of the airfoil is fabricated
from a continuous fiberglass (XP11l4E) skin over a Nomex honey-
comb filler; the whole assembly is bonded to the aft end of
the boron-stiffened spar. The fiberglass skin contributes
significantly to the total chordwise strength and stiffness of
the section. A sketch of a typical cross section of the blade
is shown in Figure 5. Spanwise distributions of the weight,
flap stiffness, chord stiffness, and torsional properties are
shown in Table 2. The data are presented as the ordinates and
abscissas o¢of straight 1line segments which approximate the
various property curves.

The rotor blade tip incorporates a fitting to which are
attached adjustable weights for balancing the blade spanwise
and chordwise.

The rotor's pitch bearings are a part of the rotor blade
assembly resulting in a very compact root end with a minimum
number of joints. A sketch of the rotor blade root end is
shown in Figure 6. The blade spar acts as a spindle in the
area of the bearings. A pair of roller bearing assemblies
transfer bending moments from the spar to the outer sleeve
which is rigidly bolted to the hub. Centrifugal loads are
transferred from the spar through a spindle nut into the pre-
loaded bearing stack. The ball bearing assembly, located
between the two roller bearing assemblies, transfers the
centrifugal load to the outer sleeve through a shoulder on the
sleeve internal diameter. The bearings are grease lubricated
and seals between the spar and sleeve contain the grease
within the space occupied by the bearings.

The blades of both rotors are preconed 3.0 degrees upward at
the hub to reduce steady flapwise bending stresses. The rotor
blade pitch axes are offset’ forward (in the direction of
rotation) of the centerline of rotation by 2.0 inches to
relieve the steady chordwise bending stresses due to drag.

The coupled natural freguencies of the rotor blade modes are
shown as a function of rotor speed in Figure 7. The rotor is
designed to operate near/at 100 percent (345 rpm) in hover and
low speed flight and at values as low as 70 percent in high
speed cruise flight. All the bending modes below 10 per rev
are shown. The first tcrsion mode is above 10 per rev over
the full operating rotor speed range.




Figure 5. Blade Cross Section.

TABLE 2. ROTOR BLADE SPANWISE DISTRIBUTION OF PHYSICAL PROPENTIES

wWeight Flapwise Stittness Chordwise Stiffness Torsional stiffness Torsaconal Inertia

xR (lbsin.) xR £, (1ban? x 10%) R EI. (1b.an? x 10°) xR G (1ban® x 10%) xR 1 e1b.an? sy
1.0 1.24 1.0 8. 1.0 56. 3.0 .o 1.0 1.63

.873 1.24 .748 16. 864 aQ . -926 3.1 .9719 1.63

.973 1.02 .634 28. . 691 lag. -810 5.0 979 1. 81

-939 1.02 -518 52. -514 212. -693 9.7 .944 1.8

-939 .32 .403 96. . 403 252. 579 19.3 .60 4.5

.737 .42 L35 126. .2B8 330. L5231 0.0 .40 7.8

.737 .28 .259 196. .173 460. -463 47.5 .23 13.%

.576 .42 .202 280. -11% &£30. 405 73.0 162 131

.403 -6B -las 480, .092 860 .3a7 11z.0 162 2.9 +

.288 .95 .09z 860, ) B&Q. .289 160. -139 12.3

173 1.40 [+] 860 - - .231 220. -139 4.7

-115 1.80 - - - - -174 335. S118 14 7

.092 2.20 - - - - -125 575. .lie 7.5

.092 9.70 - - - - -093 689 . 0. 17.8%

.030 9.70 - - - - 0. 689 - -
0. 0. - - - -

radius = 216 in.
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The tw¢ lower modes are highly coupled containing both flap
and chord simultaneous motion, the coupling being a function
of blade pitch, blade twist and rpm. Figure 8 is an exploded
frequency plot of these two modes showing the effect of collec-
tive pitch. The lower pitch applies to high advance ratio
conditions where the rotor 1is nonpropulsive. The lowest
frequency mode is predominantly chordwise at 100 percent but
changes to predominantly flapwise at the lowest operating rpm.
The chordwise mode remains sufficiently far from two per rev
at 70 percent rpm to preclude any stability problems. Note
that the first flap mode has a natural frequency of approxi-
mately 1.4 per rev at 100 percent rpm which corresponds to an
effective hinge offset near 40 percent of the blade radius.

2p

FREQUENCY ~ CPM

NOTE: FLAP OR CHORD INDICATES
PREDOMINANT MOTION OF
COUPLED MODE

LOWER OPERATING UPPER

[-— LIMIT OPERATING —or]
300 LIMIT
L T T L
10 50 %0 1.00 119

RPM/RPMyoam ~ RPM yopsy = 345

Figure 8. Effect of Collective Pitch
Fregquency of Lowest Two Modes.

TRANSMISSION SYSTEM

The ABC transmission is designed for 1500 horsepower. In
addition to powering the coaxial rotors, an accessory section
is provided to power the aircraft subsystems. Provisions are
included for a differential rotor speed drive for an alter-
nate yaw control system. However, 1t was found that the
system was not required due to excellent contrel achieved
with differential collective pitch and rudders in forward
flight.

32




Figure 9 shows the general arrangement of the ABC transmission
system. A iine schematic presenting the gear reduction ratios
and speeds of the major components is presented in Figure 10.
Gearbox design data are shown in Table 3.

The main gearbox provides a 19.21:1 speed reduction between
the PT6T-3 engine and the shafts that power the rotor blades.
It supports the main rotor flight control system and is
attached to the airframe through four attachment points.
These attachment points include provisions for four gearbox
1solators whose angles of inclination pass through the effec-
tive mass center of the combined gearbox and rotor system.
The mounts then would provide isolation in the roll and vaw
directions, and a pitch link attached between the gearbox sump
and the airframe would provide a rigid support in the pitch
direction.

The accessory section, located on the rear of the main gear-
box, drives two servo pumps, one yaw pump (if required) and
the tachometer. The yaw control drive train is located on the
forward side of the main gearbox.

Torgue enters the main gearbox through the engine-to-gearbox
drive shaft and provides a maximum of 1500 hp at 6600 rpm.
Flexible couplings at both ends of the shaft compensate for
misalignment and motions of the gearbox relative to the engine
output shaft flange. A 3.84 to 1 spiral bevel gear reduction
set reduces speed, increases torque, and makes a 90~degree
angle change between the engine shaft centerline and the main
rotors. The planetary sun gear shaft transfers torque from
the bevel gear shaft to the lower pinions of the compound spur
planetary reduction set. The 5:1 reduction ratio planetary
drives the upper main rotor shaft counter-clockwise, looking
down, at 345 rpm via the lower ring gear and drives the lower
main rotor shaft clockwise at 345 rpm via the lower planetary
cage plate. A torgue shaft connects the plate to the bhottom
end of the lower rotor shaft. A spur gear mounted on the
lower ring gear to main shaft connector drives the vane-type
lubrication pump located in the sump.
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TABLE 3. ABC MAIN GEARBOX DESIGM DATA.

Bearing

Nomenclature rpm Gear Design I'rcrate
(hp) (hp)
Pinion, input bevel 6600 1500 703
Gear, input bevel 1717.81 1500 703
Sun gear 1717.81 1500 703
Pinicn, planetary 2748.49 1500/750 703

upper & lower gears

Ring gear, driving 343.56 750 -

From the lubrication pump oil flows through a filter to the
0il cooler located with the engine cooling package aft of the
main gearbox. A redundant oil filter monitored by a dual
indicating system is provided. Cocled oil flows from the o1l
cooler to the main gearbox. Indicators monitor the pressure
and temperature of the oil entering the gearbox, and displays
this information on the instrument panel and the advisory
caution panel in the cockpit center console. Integrally cored
lube 1lines distribute the o0il to the gears and bearings via
strategically located o0il jets. A screened magnetic chip
detector and a temperature bulb monitor oil condition and
temperature, respectively, before it reaches the lukrication
pump. A low pressure switch lccatec near the iast jet and
connected to the caution panel <warns of a pressure loss
between the gearbox oil inlet and the last o0il jet in the
gearbox.

The differential yaw control power train locected at the for-
ward end of the main gearbox transrits power from the yaw
control hydraulic motor (when installed) to the uppar plane-
tary ring gear in the main gearbox at a reduction ratic of
125:1. This power train consists of a 3.87:1 reduction ratic
spur set and a 32.275:1 compound planetary reduction set.
Complete provisions permit main gearbox operation either with
or without the differential control power train installed in
the main gearbox. At no time during the flinht test proc¢ram
was the differential yaw control power train installed. All
yaw control was derived from either differential rotor col-
lective, which produces differential rotor torque, or from :
rudders or a combination of these two.




FLIGHT CONTROLS

The XH-59A flight control system 1s a type II1 system as
defined by MIL-F-18372 and conforms to MIL~F-18372, MIL-F-9490
and MIL-5-8698. It consists of conventional helicopter cock-
pit controls, stationary and rotating mechanical c¢ontrol
linkage systems, dual hydraulic power boost systems, a dual-
channel SAS, and an electrically operated differential trim
system. With the exception of the rudder controls, the flight
contrel system is irreversible through rotor and elevator
hvdraulic control servos. In the test configuration, the
elevator was locked or powered by the servo of the elevator/
collective coupling system. Rudders are contvrolled through
direct mechanical linkage, and control forces are reversible
with respect to hinge moments and modifiable by ground adjust-
ed geared trim tab settings. Figure 11 presents a schematic
of the XH-59A flight control system.

The pilot's and copilot's menual flight controls are mechan-
ically interconnected, operate in unison, and consist of dual
cyclic control sticks, collective pitch levers, and direc-
tional control pedals. The upper and lower rotors share
cockpit control inputs. Collective pitch 1lever movement
controls rotor system total thrust by simultaneously increas-
ing or decreasing the pitch of each rotor blade. Longitudinal
and lateral cyclic controls aircraft pitching and rolling
motion by cyclically varying rotor blade pitch and generating
control moments. Directional con*trol pedal movement controls
aircraft yawing motion by deflecting dual rudders and by
controlling interrotor differential collective pitch, produc-
ing a resultant torgque about the rotor mast. Flight control
position 1ndicators are provided on the cockpit instrument
panel for longitudinal and lateral cyclic, coilective, and
directiconal control pedal.

Control Definitions, Conventions, and Equations

a. Flight control system conventions are as follows:

(1) 3Subscripts U and L denote upper and lower rotor
parameters, respectively.

(2) Rotor plane xrelative azimuth {y) is O degree
along the reference aligned with the longitu-
dinal axis extendinrq from the rotor hub over
the tail and positive in the direction of rotor
rotation (clockwise for lower rotor, counter-
clockwise for upper rotor from planform view).
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{3} 51 and 81 are referenced to individual rotor,
i .

e,
*h) = Incveased blade pitch in forward blade
azimuth guadrants.
*+B, = Increased blade pitch angle, retreating
side.

(4}  1s neasured as the number of degrees cyclic
control motion is introduced before the blade
reaches the respective axis, e.g.:

-A, with ['= 40 deg results 1n blade feathering at
o= 320 deg

b. Flight control system angie definitions are as
follows:
(1) Longitudinal cyclic: A _ f}U * AlL
. 17 2
. B - B
(2) Lateral cyclic: B _ 1U 1L
1 2
(3) Collective: o - ou * foL
o 2
(4) Differential longitudinal Ar = By - Mg
cyclic: 1 2
. . . B + B
(5) Differential lateral cyclic: g - 14 1L
1 2
(6) Differential collective: A = %u - %oL
(low speed yaw control) o 2
™ ; (7) Differential collective N _ eoU - aoL
- trim: t 2
c. rontrol equations for the rotor system are as follows:

. (1) Blade pitch on the upper rotor is
o, = [6, +£8,] - 1A *+ Aj) cos (v * ")
-(By + Byl sin (vy * )
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(i) Blade pitch on the lower rotor is

GL = [90 -zﬁeo} - [Al - Ai] cos (¢L + 1)
- lBl + Bil sin (v + 1)

Trim Systems

Longitudinal and lateral cyclic stick force trim is provided »
for both pilot and copilot vii magnetic brake devices in the
longitudinal and lateral cyclic control linkages. Differen-
tial trim controls are provided to investigate rotor 1lift
sharing and rotor moment distributions. Electric beeping is
provided for differential longitudinal (A!) and lateral (Bl)
cyclic and differential collective (A6 f‘ trim concrol. A
control box with individual beeper ~“switches and trim
indicators for each axis 1is mounted on the right side of the

azimuth at which cyclic pitch must be applied to produce a
specific moment output is different from the input azimuth
regquired for the articulated rotor. For the articulated
rotor, the cyclic input must be made 80 to 90 degrees in
advance of the point where a maximum rflapping is desired. For
an infinitely stiff rotor, the advance required is essentially
Zero. For the ABC rotor, the c¢y=lic pitch input must Fe
applied 30 to 40 degrees in advance o¢of the desired moment
output (Figure 12). The angle involved in this azimuth shift ,
is defined as the phase angle, ' , and is considered positive
when rotated opposite to the direction of rotor rotation. For
example, if a control system phasing angle of ' = 30° is ;
selected, then 1longitudinal stick will result in maximum

cyclic pitch inputs on the blades at rotor azimuths of 150°

cockpit center console. In-flight adjustable trim tabs are I
provided on one rudder and the elevator. Rudder and elevator %
alsc incorporate geared trim tabs with ground adjustable !
ratios of 0.5, 0.75%, and 1.0. g
Variable Cyclic Control Phase

i
Because of the high stiffness of the ABC rotor blade, the %

|

i

and 330°. Likewise, lateral stick input will produce maximum
cyclic pitch inputs at rotor azimuths of 60° and 240°. Figure
13 1illustrates this control system geometry. The optimum

value of I' is actually selected on the basis of several con-
siderations including rotor trim characteristics, rotor per-
formance, and interrotor moment magnitudes in unaccelerated .
and maneuvering flight.
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A LONGITUDINALSTICK INPUT PRODUCES A PURE PITCHING
MOMENT RESPONSE WHEN THE CORRESPONDING MA XIMUM CYCLIC
PITCH INPUT OCCURS AT THE AZIMUTH SHOWN BY THE ARROWS

A

PURE PITCH
MOMENT RESPONSE

_P— ¥ - 270°

PURE PITCH
MOMENT RESPONSE

AZIMUTH, ¥+ 0

Figure 12. Rotor System Response to
Cyclic Control Inputs.

The phase angle is controllable through a range of 0 toc 70
degrees through an analog swashplate in the stationary control
system (Figure 14). Analog swashplate position is controlled
by pilot and copilot beeper switches and a cockpit backup
mechanical crank.

Differential Collective Directional Control Washout

Differential collective directional control 1is washed out
between 40 and 80 knots and reintroduced when decelerating
from 80 to 40 knots. Pitot sensing of dynamic pressure (q) 1is
converted to an electrical signal that acts to linearly
couple/decouple the directional control pedals f.om the
differential collective linkage.

Elevator/Collective Coupling

In order to reduce or avoid rotor shaft damage during high
rates of descent the elevator was coupled to the collective
stick so that full down collective caused the elevator to
deflect 13.9 degrees trailing edge up. This reduced the air-
craft pitching moment that had to be balanced by the rotors.
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ABC ROTOR SYSTEM (T = 300{LLUSTRATED)

UPPER ROTOR

8130

/

e

270°

|

’

i
B30

§‘ /’ ¥ -go /,//;(

. A ROTOR

% 130 ROTATION

LOWER ROTOR 2130
L \ 180( ;5

Bi3g

90° b 1 270°
Al
Pt C\/ N

Bi3g
®
F-00
ROTOR

{ \ ROTATION Atag

e g o ey el i e

A 1S DEFINED AS THE CYCLIC PITCH THAT 1§
GENERATED BY THE LONGITUDINAL STICK

Bip 1S DEFINED AS THE CYCLICPITCH THAT 1S
GENERATED BY THE LATERAL STICK

Figure 13. Rotor Control System Definitions.
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Figure 14. Analog Swashplate.

The coupling was achieved mechanically by the use of a spring
strut inserted between the collective system at the direc-
tional mixer and the elevator quadrant located in the tub.
The spring strut detent was 43 pounds, which required a 15-
pound stick force to break-out in the event of a jam condi~
tion in the elevator system.

The control cable connected to a single-stage S-61 primary
servo adapted for installation in the tail cone of the air-
craft. The single-stage servo was connected to the first-
stage hydraulic system through a solenoid operated control
valve. The operating pressure was reduced to 1500 psi.

During flights with auxiliary propulsion, the elevator/collec-
tive coupling was disconnected and the elevator was flown in a
locked position.

Servos and Stationary Swashplates

Two sets of linkage components are employed to transfer
control motions from the stationary controls to rotating
controls for each rotor. Each set consists of three dual
hydraulic servos, stationary swashplates, bearings, sleeves,
and antidrive (scissors) links. The lower rotor swashplate is
mounted above the transmission. The upper rotor swashplate is
mounted beneath the transmission in axial alignment with the
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rotor mast. The six dual hydraulic servos are attached to the
transmission. The output shafts of the three lower rotor
servos extend upward to attachment points on the lower rotor
stationary swashplate. The output shafts of the three uppe:x
rotor servos extend downward to attachment points on the upper
rotor stationary swashplate. Two transfer networks comprised
of levers, pushrods, torsion tubes, and universal joints
(Figure 1l1) are employed to transfer collective/cyclic compos-
ite control motions from the collective mixers to input
levers on each dual hydraulic servo. The dual hydraulic
servos convert collective and cyclic control motion to sta-
tionary swashplate translation and tilt. The servos act in
series with the stationary linkage to reduce cockpit control
forces and to prevent control force feedback from rotor aero-
dynamic and vibratory loads.

Primary Servo Actuator

The hydrauli: primary servo is unconventional in design and
construction, the design philosophy being to mount the housing
rigidly on the gearbox. and thus eliminate flexible lines and
their associated failure modes.

Figure 15 shows a sectional view of the servo. Stages 1 and 2
are completely separated so that no crack propogation from one
unit to the other can occur. Two separate cyclinder housings
are bholted together and are provided with attachment flanges
for installation on the gearbox. The housings contain one
power cylinder and two fluid transfer cylinders. Pressure and
return ports are connected to the fluid transfer ports by
drilled passages.

The output piston of each stage is mounted on the valve
housing. Drilled passages in the piston rod connect the
piston head to the valve housing. Drilled passages in the two
transfer tubes, one for pressure and one for return, connect
the cylinder housing to the valve housing. The configuratior
is such that the valve housing, power piston rod, and transfe:
tubes move in unison. The valve housings are completely
separated, as are the cylinder housings.

The control valves are of jam-proof design and consist of two
spools, the inner spool being srring loaded relative to the
outer spool. In normal operation both spools move together
and distribute fluid through connected porting. In the event
that the normal, outer spool parts are jammed, the inner spool
moves against the spring force and distributes fluid through
the bypass ports, thus removing system pressure from the power
piston. The bypass porting is connected to a sensing unit
which activates a cockpit warning light.
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Figure 15. Schematic of Primary Sexrvo.

The separate adjustable valve operating arms are mounted on a
common shaft that is connected to the control system.

Servo Input Mechanism

The lever pushrod, torsion tube, and universal joint transfer
networks are special design features that permit the use of
vibration isolators for soft-mounting the transmission in the
airframe lateral axis. (The transmission is hard-mounted to
the airframe in the present configuration.) The transfer
networks orient linkage connections to the hydraulic servos so
that transmission lateral floating motion in future so“t-mount
configurations will not induce spurious flight control inputs.

Rotating Flight Controls

The rotating flight control linkages for each rotor consist of
a rotating swashplate, bearing, and sleeve; a drive 1link;
three pitch change rods; and trailing-edge pitch horns. The
rotating swashplates transfer c¢yclic tilt and collective
translation of the stationary swashplates to vertical motion
in the pitch change rods. The pitch change rod motion rotates
the blade pitch horns and feathers the rotor blades about
feather bearings in the blade sleeves. The rotating controls
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for the lower rotor are of conventional design and orienta-
tion. The swashplate assembly 1s mounted above the main
transmission and displaces externally mounted pitch change
rods connected to external pitch horns on the lower rotor
blades. The rotating controls for the upper rotor are
designed to route pitch change rods through the center of the
coaxlal rotor mast between the rotating swashplate oeneath the
main transmission to upper rotor blade pitch horns that are
enclosed within the upper mast.

STABILITY AUGMENTATION SYSTEM

Rate damping stability =zaugmentation is provided by the SAS in

the longitudinal and lateral control axes. Figures 16 and 17
are functional blocck diagrams of the pitch and roll SAS
channels, respectively. Dual, independent signal paths are

provided in each SAS channel. Each path independently senses
rate with a rate gyro and routes gyro signaiz tuarough filter
and shaping networks to a servo amplifier. At the input of
each amplifier, summers combine trim, gyro rate, hardcver
test, and derived feedback inputs. The output of each ampli-
fier is applied to an electric actuator which operates one-
half of the two-stage hydrauli¢ SAS servo. The output of each
servo stage represents a 5% conitrol authority for a total of
10% control authority in each axis. A cockpit hover indicator
is used to present SAS servo position for both halves of each
channel. Cockpit. control nanels are provided for SAS gain
adjustment and selecting or derelecting SAS channels.

AIRFRAME

The airframe is of conventional semimonocoque construgction.
The primary structure is 7075 aluminum alloy except for
magnesium cockpit skins, tail cone skins, and stabilizer
leading edges. The firewall decks are titanium.

The main transmission 1s mounted on four canted fittings
positioned radially about the gearbox. Their load 1lines
intersect at a common point on the gearbox centerline. Each
fitting is attached to the transmission via a sincle l-inch
bolt. Verticsl side and drag components are reacted as axial
loads in the bolts. Yaw moments are carried by bolt shear
forces.

The airframe suppcrt structure consists of two fore and aft
box beams, symmetrical about B.L., O, which extend between
bulkheads at F.S. 277.0 and F.S. 319.0. The upper web of the
beam is at W.L. 152.0 and extends from B.L. 19.7 to the fuse-
iage outer skin. The lower webhs are part of the fuel cell
deck at W.L. 132.0. The outer webs are formed by the fuselage
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side skins between W.[.. 132.0 and wW.L. 158.0, and the boxes
are closed by webs which are sloped vto pick up the trans-
mission attachment fittings. Four canted bulkheads inside the
box beams are also attached to the fittings and provide a
redundant load path for the gearbox loads.

The support structure 1s critical for crash conditions (20 G
fwd, 20 G down and 10 G side). Limit flight loads are ap-
proximately 38% of these and may be transferred through either
of the redundant patis.

The aircratt inboard profile is chown in Figure 18. Figure 19
shows the detail structural arrangement.

Conversion to the auxiliary propulsion configuration required
two major structural modifications. One was attachment of the
J-60 nacelles tc the aircraft, and is accomplished through two
major fittings at fuselage stations 264 and 277. Stabilizing
fittings are located at stations 251.1 and 380. Engine loads
are 1introduced to the aircraft structure through the main
fittings. Airframe structural reinforcements were incorpor-
ated at fuselage stations 255.5, 277 and 300.23 to accept
auxiliary engine flight loads (Figure Z0).

Sec-"1 was installation of a fitting adapter to decrease
horizontal tail incidence from +10 deg (trailing edge down) to
-5 deg (trailing edge up) ‘and assoclated modificatjon of the
tail fairing. In addition, external straps were installed on
the tail cone and tail cone/aft fuselage interface to accommo-
date the higher auxiliary propuision tail loads.

ALIGHTING GEAR SYSTEM

The ABC has a tricycle air/o01l retractable landing gear. The
gear is designed for 60 knots at 8 ft/sec at 9000 1lb gross
welight and 6 ft/sec at 11,100 1lb gross weight with 2/3 rotor
lift as per Specification MIL-S-869%8.

The main gear oleo has a full stroke of 10-in. and is designed
to never exceed 3000 psi during its working range. The meter-
ing pin and air volume configurations were determined during
drop test at Ozone Corp., Ozone Park, Long Island. Wheel and
tire size is 18 x 5.5.

The nose wheel 1s a dual wheel with a 10-in. stroke and a
mechanical trail of 2.40 in. The metering and air volume
configurations were also determined during drop test at Ozone.
The only desiyn difference between nose and main gear oleo 1is
that the piston head of the nose gear has a built-in centering
cam to center the wheels for landing ca2ar well clearance.
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The viscous shimmy damper was supplied by Houdaille to Sikor-
sky's specifications fer the XH-59A and is mounted at the
bottom 7 the cylinder and grounded to the wheels by a scis-
Sors.

The landing gear's normal retracting and extending system 1is
o hydraulic. This supply 1is provided <£from the first-stage
- system. If this system fails, an emeragency blow-down system
is available. The braking system is a self-contained hydrau-
lic system with master piston mounted on the pilot's pedals.

PROCPULSION SYSTEM
Lift Engines

The lift engine consists of a production model Pratt & wWhitney
PT6T-3 twin power section ("Twinpack") turboshaft power plant
with miror modifications for the XH-59A application. A
detailed description of the PT6T-3 power plant may be found in
Reference 2. The P2T6T-2 power plant is hard-mounted to the
XH-59A airframe aft of the mair transmission between STA 345
and STA 384 at W.L. 159 (Figure 18). The power plant's
integral combining gearbox combines the output of each power
section and provides an output to the main transmission at
6,600 rpm (100%). The PT6T-3 twin power section ratings are:
intermediate 1726 shp and maximum continuous 1452 shp.

The FT6T-3 production fuel controls and mechanical control
system have been modified to provide the lower power turbine
and ABC rotor system speeds required for high-speed flight in
the auxiliary propulsion mode, and to preclude the random
electrical control failures encountered during earlier testing
‘n the helicopter phase. The specific modifications incorpor-

1. ated are:
: a. The torque balancing unit is disabled.
b. The N_. governors are modified to provide maxi-
mum t%rque in a speed range 105% to 70%.
c. Independent pilot contrcl of governor

:h N

1s provided to compensate for 2 tor&ue splits
that will be enccuntered witl. k= large power
. turbine speed changes. The pilc ‘s beep con-
. trol has also been modified by tun= incorpora- ;

- tion o0f indspendent switches on the collective
stick that can be actuated simultaneously or
independently. Each switct drives one of the
electric actuators <for . speed control.
Collective bias is introduced simultaneously to
both Nf governors through a torque tube.

d. Switching relays in the beep system electrical
circuits were 1incorporated to preclude random
beep switch failures.

Specification No. 712B, T400-C®-400 ENGINE SPECIFICATION,
Pratt & Whitney of Canada, Ltd.
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Manual power turbine/rotor speed (N /Nr) control is provided
by dual speed control levers mountgd on the cockpit center
console. N, can be set to govern from 70% to 105% via linkage
to the modified fuel controls.

The PT6T-3 start system consists of starter/generators (one
mounted on each power section accessory case), individual
engine start buttons on the cockpit speed control levers,
microswitches in the speed contrecl lever quadrant, and inter-
connecting relays and wiring to activate fuel valves, ignition
circuits, and starters during each power section's start
cycle. Starter circuits are powered by 28 vdc from the start
bus (Figure 21) with ground electrical power applied, or
alternately by the 24v dc battery.

A fire detection system provides warning in the cockpit in the
event of fire in either of the PT6T-3 power section compart-
ments. The system consists of four radiation sensing flame
detectors - one in each hot section compartment and one in
each accessory section. An engine fire extinguishing system
is provided for each PT6T-3 power section accessory/hot sec-
tion compartment. The system consists of two charged con-
tainers of liquid dibromodifluoromethane (CF BRZ)’ discharge
nozzles, overboard discharge tubes, disch&}ge indicators,
pressure gauges, selector valves, and necessary controls. The
system provides a two-shot capability which may be directed
selectively to either power section or both shots may be
directed to a single power section.

Thrust Engines

The auxiliary propulsion thrust engine installation consists
of two Pratt and Wwhitney J60-P-3A turbojet engines side-
mounted in Rockwell International Sabreliner nacelles between
STA 264 and STA 277 and aligned with W.L. 145.5. Detailed
description of the J60-P-3A engine is contained in Reference
3. The only modification involved for installation on the
XH=-59A was a reduction in the "stub wing" area between nacelle
and fuselage. Each engine provides 3300 1lb static thrust at
sea level standard day conditions. Engine performance 1is
monitored in the cockpit with tachometers and Eagine P:essure
Ratio (EPR) gauges which indicate the ratio of total pressure
measured at turbine exhaust and compressor inlet face.

3. JT12 INSTALLATION HANDBOOK, Pratt and Whitney Ailircra‘t,
14 April 1966.
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The J-60 engine control system consists of two tandem twist
grips on both the pilot and copilot collective pitch sticks.
These grips independently control each engine gas generator.
The pilot's twist grips have a positive range selection of
stopcock to ground idle and ground idle to maximum power. The
copilot's twist grip operating ranges are limited to the
control range between ground idle and maximum power. A posi-
tive stop 1s provided between ranges, and detents hold the
extreme positions. The twist grip inputs are transmitted
coaxially from the top of the collective pitch stick to side-
by~side gear tracks at the base of the stick. Flexible push/
pull control cables are used to transmit the control inputs
individually to the fuel controls in each engine.

The normally furnished starter/generator 1is replaced by
hydraulic starters. Normal start power is furnished by the
No. 1 hydraulic system and normal starting sequence 1is to
start J-60 engines subsequent to PT6 start which makes full
hydraulic pressure available.

The 5-60 fire detection system provides warning in the cockpit
in the event of fire in either of the two J-60 engine nacelles.
The system consists of continuous wire temperature sensors
installed throughout the engine nacelles.

A fire extinguishing system provided for each engine nacelle
forward compartment consists of one charged container of
liquid dibromodifluoromethane (CFZBRz) discharge nozzle,

overboard discharge tube, discharge indicator, pressure gauge,
selector valve, and necessary controls. The system provides a
one~shot capability which may be directed to either engine
nacelle as required.

Fuel System

The fuel system is an open-vent type consisting of two tanks,
two system strainers, two sump drain valves, two in-line
booster pumps, check valves, an electrically operated cross-
feed wvalve, four electrically operated firewall shutoff
valves, two float switches, engine filters, fuel flow and fuel
quantity indicating systems, and the necessary plumbing lines
to convey fuel from the tanks to the engines. The pressure
refueling system consists of an adapter, two shutoff valves,
two high-level pilot valves, two low-level pilot valves, and
interconnecting plumbing. The +two fuel tanks consist of
neoprene bladder fuel cells tandem-oriented between station
277 and station 339 in the lower fuselage, each having a 122.5-
gallon capacity.
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HYDRAULIC SYSTEM

Two 3000 psi hydraulic power systems (first-stage servo plus
utility and second-stage servo) are installed. A schematic of
the hydraulic system is shown in Figure 22. The two system
reservoirs are of the "boot strap" pressurized type with air/
oil separation and develop a pump inlet pressure to 40 to 45
psi (absolute). The two hydraulic pumps are mounted on the
main transmission common with the rotor drive and are indepen-
dent of engine operation. Test connections on each power
system permit ground checking from an external power source.

The two flight control servo hydraulic systems are completely
isolated aud each supplies one stage of the six dual-stage
piston flight control servos. Three servos control the upper
rotor and three control the lower rotor. A single system
failure can be tolerated without loss of control power.
Electrical interlock circuitry prevents shutting off pressure
to one stage if the opposite stage is not pressurized and will
automatically reactivate the "OFF" stage 1f pressure becomes
low in the opposite stage. Pressure gauges on the instrument
panel display each system operating pressure and signals on
the Caution and Advisory Panel warn of low pressure in either
servo system.

The Stability Augmentation System (SAS) servo systems are also
isolated. Each servo system (pitch and roll) consists of two
independent servos to which hydraulic power is supplied for
each hydraulic system. Power to each servo is supplied
through a pilot-controlled ON/OFF switch and a pressure
reducer dropping the 3000 psi (absolute) system pressure to
the 1000 psi (absclute) SAS servo operating pressure.

The elevator servo is operated from the first-stage hydraulic
system upstream from the SAS servos. Power is supplied to the
serve through a pilot-controlled 4-way valve and pressure
reducer which drops the 3000 psi system pressure to the 1500
psi (absolute) servo operating pressure. A pressure switch,
located close to the servo, automatically closes <the 4-wev
valve if a pressure drop is sensed. (This servo was not used
during auxiliary propulsion testing.)

The first-stage utility system provides hydraulic power for
retraction and extension of the landing gear and J-60 engine
start. At reduced rotor speed, flow requirements exceed pump
capacity 1f the J-60 starters are energized. A priority valve
installed 1n the first stage precludes diversion of flow from
the primary flight control, SAS, and elevator servos in this
case. System design flow rates are listed in Table 4.
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1.
2.
3.
-4,
3.
6.
7.
8.
9.

Key

Pump (First Stage Utility)

Pump (Second Stage)
Reservoir

Filler Coupling
Bleeder Valve
Relief Valve

Check Valve (Reservoir Charge)

Check Valve
Filter

Test Connection {Return)

Check Valve

Test Connection {Pressure)

Manifoid

Pressure Transmitter

Pressure indicator
Restrictor
Pressure Switch
Servo Actuator
tngine Start Motor
Engine Start Valve
Flow Regulator
4-Way Valve

L.G. Emerg. Valve
Elec. Actuator

Gas Charge Valve
Gas Bottle

Gas Bottle Release
Flow Regulator
Flow Regulator
Relief Vatve
Shuttle Valve
Uplock Cyl.

Cyl.

Restrictor
Restrictor

Priority Valve
Master Brake Cyl.
Parking Brake Valve
Wheel & Brake Assy.
Check Yalve

Positioning Cylinder

Restrictor
Relief Valve
Relief Valve
Valve

Pressure Reducer
Check Valve
Pressure Switch

Figure 22.

Assy. Main Landing
Cyl. Assy. Nose Gear
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TABLE 4. HYDRAULIC SYSTEM DESIGN FLOW RATES.

Flow Rate
Subsystem (gal per min)

Flight control servos 1.53
SAS servos .1
Elevator servos .1
J-60 engine start 7.4
Maximum flow, 1lst stage 9.13

2nd stage 1.63
Pump capacity at 100% NR 12.0
Pump capacity at 70% NR 8.4

ELECTRICAL SYSTEM

The electrical system is powered by two 200A, 28v dc starter/
generators, each driven by a PT6T-3 power section accessory
case and a 22 ampere-hour, 24v dc nickel-cadmium (NICAD)
battery. A functional diagram of the electrical system is
presented in Figure 21. Both generators power the primary and
start dc buses. Two 400 Hz, 115v ac, 400v ac static inverters
supply ac power. The No. 1 inverter powers the primary ac bus
for normal cockpit instruments and ac powered avionics and
airframe components. The No. 2 inverter powers the flight
test instrumentation ac bus. Should one generator fail, the
primary dc bus 1is deenergized which drops both the No. 2
inverter (and flight test instrumentation ac bus) and the dc
flight test ir:trumentation bus. If both generators fail, the
battery supplies dc power for emergency operation selected
systems through the start bus.
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ANALYTIC DEVELOPMENT

A Sikorsky-sponsored program (Free Flight Normal Modes
Analysis) was initiated at the United Technology Research
Laboratories 1in 1965 to establish a dynamic analysis for use
in evaluating the ABC coaxial hingeless rotor configurations.
A distinguishing feature of an ABC-rotor~eguipped aircraft,
due to the high blade stiffness and rigid blade-to-~hub attach-
ment, 1s an inherent high degree of elastic and aerodynamic
coupling between the rotors, individual blades, and the
airframe. Rapid maneuvers made possible by the high available
control power substantially couple blade feathering with
elastic deformation through both wvariations in thrust loading
and gyroscopic precession. These complex couplings can
significantly alter the stability characteristics of the
system.

Therefore, the rotor system was simulated dynamically as an
integral part of the complete aircraft system, including the
individual blades, the 1individual rotors, interconnecting
structural impedences, interacting rotor inflows, interacting
rotor/airframe aerodyanmics, and the usual six degrees of
freedom of a free-flying airframe. The initial analysis
development was completed in 1970 and was used to develop data
for the basic report.

This analysis contained means of modelling all of the above
effects to some degree, in addition to a sophisticated trim
routine which allowed the simulated aircraft to be trimmed in
any feasible flight conditicn. Subsequent development of the
analysis has been largely concerned with modifying the for-
mulation of the time-varying aerodynamic interactions as data
from model test became available and revising the computer
code to decrease the computer time reguired to calculate a
simulated flight condition.

Two major modifications to the analysis were implemented
following the acquisition of a substantial data base from wingd
tunnel tests of a 1/5 (0.1944) scale Froude model. Attempts
to ccrrelate the analysis with model test data using model
parmeters and low Reynold's Mach number airfoil data demon-~
strated some sigrificant shortcomings in the analysis. Most
noteworthy were the underprediction of longitudinal cyclic
required for trim at transition speeds and substantially lower
values predicted for the speed (Mu) and angle-of-attack (M)
stability derivatives than measured in test.

The first modification involved the method by which inter
rotor interference was modelled. The original model assumed
that for each rotor the inflow contributions from the other
rotor were uniformly effective over Lhe rotor disc but reduced




g~ (or augmented) by inflow interference factors. The inter-

' ference factors were progressively reduced with advanced ratio

by a reinforcement factor that was a function of the ratic of

the effective momentum disc area to the actual disc area.

This reinforcement factor was unity at hover and zero when the

two trailing cylindrical wakes cleared each other. The modi-

fication consisted of determining an induced flow distribution

based on Castles and Deleeuv (Reference 4) and reinforcing the

induced velocity of each rotor only on the portion of its disk

where the wake of the other rotor actually impinges. In

-1 addition, wake contraction factors were added as a ratio of

; the diameter of the impinging wake at the rotor plane of

impingement to the diameter of the rotor generating the wake.

The upper on lower factor is generally less than unity, while

the lower ~n upper is generally greater than unity. Contrac-

tion factc.s are consistent with interference factors through

the conservation of wake momentum. This modification was

found to reduce the longitudinal trim control position error
at transition speed by approximately 5C percent.

The first harmonic cosine distribution of self-induced inflow
as a function of advance ratio was formulated as suggested by
Glauert (Reference 5) and took the form

V = Vo + Kv: Vo cos ¢

The coefficient (Kv) was suggested by Payne (Reference 6) to
be approximated by

Kv = 4u /(3.6lAl+ 3p)

‘i 4. Castles, w., Jr., and Deleeuv, J.H., THE NCRMAL

T COMPONENTS OF THE INDUCED VELOCITY IN THE VICINITY OF A
LIFTING ROTOR AND SOME EXAMPLES OF ITS APPLICATION, NACA
TN-2912, 1954.

5. Glauert, H., A GENERAL THEORY OF THE AUTOGYRO, RAE R&M
1111, 1926.

ot e e et o e i+ -

6. Payne, P.R., HELICOPTER DYNAMICS AND AERODYNAMICS, Pitman
and Sons, London, 1959.
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This approximation for Kv approaches 1.333 as advance ratio
approaches infinity. Reasoning that the above approximation
by Payne was based on experience with lightly loaded articu-
lated rotors, it seems possible that it might be an inadequate
representation for the stiff, highly loaded, hingeless ABC
rotor. Model test data for single upper rotor, single lower
rotor, dual rctors with single rotor control inputs and dual
rotors with dual rotor control inputs were used to develop a
Glauvert inflow function of the same form as that suggested by
Payne but with an increased sensitivity to advance ratio
approaching 4.65 as advance ratio approaches infinity. The
updated term provides total rotor and individual roter corre-
lation with model test and takes the form

Kv = 4.8 /(3.6/A1+1.03 ¢ )

The effect of this modification on the induced velocity ratios
at the forward and rear tips of the rotor is shown in Figure
23. The effect of both of the above discussed inflow modifi-
cations is shown in Figure 24 as they alter the prediction of
longitudinal cyclic control required at low forward speeds.

Additional development activities on the ABC analysis have
been extensive but do not directly influence the output data
as those discussed above. The extensive complex computations
and table look-ups resulted in signficant computer processing
time (and therefore excessive computational costs). An effort
was undertaken, and continues, to optimize the computational
flow and modify data look~up routines with the goal of re-
ducing analytic cost. Improvements to data have reduced the
cost of producing analytic data by approximately 50 percent
without sacrificing complexity or accuracy of the resulting
predictions.

In addition, a rather extensive SAS feedback capability was
added to the analysis. Loop closure of attitude, rate, lagged
rate and acceleration are available with feedback time con-
stants for simulating lags resulting from a combination f
sensors, signal derivations and servo dynamics. This provides
the ability to evaluate SAS-ON/ON, SAS-ON/OFF and SAS-OFF/OQfrF
stability as well as transients following single or dual
channel simulated hardover failures.

A rather simple model of the effects of auxiliary propulsion
on trim has been included, as have various forms of control
couplings, detailed modeling of blade prelag, tip path plane
separation, and control pushrod steady and vibratory loads.
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LABORATORY AND GROUND TESTS

WIND TUNNEL TESTS

Extensive wind tunnel tests were conducted during the develop-
ment of the ABC helicopter. Two different models were tested
in four different facilities. These included a mahogany 1/10
scale fuselage model tested in the United Technology Research
Laboratories (UTRL) pilot wind tunnel and a 1/5 Froude scale
model with powered rotors tested on the Princeton dynamic
model track, in the UTRL main wind tunnel, and in the NASA/
Langley V/STOL wind tunnel.

1,10 Scale Teszts

The 1/10 scale model tests were conducted in the UTRL 4 X 6
foot pilot tunnel during the period 31 January to 30 May 197Zz.
The mahogany model was mounted on a pylon attached to a six-

component balance located below the test section. Model
buildup provisions included seven tail configurations, various
J-60 nacelle installations, pressure taps, and tufts. Test

objectives were to select the optimum tail configuration fo.
stability and control, locate the J-60 nacelles for minimum
drag, determine pressure distributions on the fuselage for
structural design, and provide force and moment aerodynamic
data for analytical simulation. In addition, the flow field
along the fuselage and in the wvicinity of the empennage was
evaluated by means of tufts and a pressure rake. A coaxial
model rotor was mounted on a track support above the tunnel
cei!ing which was independent of the mocdel and balance. Smoke
studies were conducted with the rotor installed for a gualti-
tative evaluation of rotor wake impingement on the tail.

The results of the smoke, pressure rake, and static stabilaity
tests clearly 1indicated that the best talil cenfiguration was
the twin-tail "H" arrangement. The effects of the retor head
and fuselage wakes are minimized such that tail effectiveness
is malntained over a large range 0f angle of attack and side-
slip. Adding positive dihedral to the horizontal stabilizer
and lowering the vertical +tail increased angle of attack
stability by 25 percent and improved rudder control power at
positive angles of attack.

The tufts along the fuselage indicated turbulence around the

basic PT-6 inlet and interference between the inlet and the

J-60 1installation. As a result, the entire PT-6 inlet and -
cowling ar=a were redesigned. Various J-60 nacelle locations

and fairings were also evaluated. Minimum drag was achieved

with the nacelles at buttline 52 with a fillet between the
fuselage and the nacelles. These results were applied to the

final design of the XH-59A flight vehicle.
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1/5 Froude Scale Model Tests

A 1/5 (0.1344) Froude scaled dynamically similar model was
tested on the Princeton dynamic model track facility, in the
UTRL lB-foot-section subsonic main tunnel and in the 21- X
l4-foot~-section NASA/Langley V/STOL tunnel. Tests were con-
ducted in five phases to investigate the performance, handling
qualities, control, and vibration characteristics over the
pure helicopter and auxiliary propulsion flight envelopes.
Tests in hover and low-speed flight to a simulated 40-knot
full-scale speed were conducted in Phase 0 on the Princeton
dynamic model tract (Reference 7). Forward flight tests to a
simulated 80-knot speed were conducted in Phase I in the UTRL
main wind tunnel.

The test speed range was extended to a simulated 100-knots and
40~knot sideward and rearward flight in the UTRL main wind
tunnel during Phase 1I. The test speed range was increased
further to a simulated 170 knots in Phase III in the UTRL main
tunnel. This test also included single rotor tests, control
frequency sweeps, and damping tests which completed the pure
helicopter tests. The model was configured with the J-60
nacelles for the auxiliary propulsion configuration tests
conducted in Phase IV 1in the NASA/Langley V/STOL tunnel.
Testing included static trim with jets shut down, at ground
idle, and at trim thrust as well as trim sensitivity tests
with variations in rotor speed, angle of attack, and horizon-
tal tail incidence.

Phase 0 Tests:

A 1/5 (0.1%44) scale Froude model of an early ABC helicopter
design was constructed at Forrestal Research Center, Princeton
University and tested on the Princeton dynamic model track
with independent research and development funds. The model
was subsequently fitted with the "H" tail configuration se-

lected in the 1/10 scale tests. It was mounted on the fa-
cility as shown in Figure 25. Test speed range was 0 to 40
knots simulated full scale. This range was of particular

interest because rotor-induced velocity is large relative to
forward speed so that mutual interference between the rotors
and rotor downwash effects on the airframe are substantial.
The long track facility with its large enclosure and good
speed control was considered ideal for this speed range.

7. Curtiss, H.C., et al, AN EXPERIMENTAL INVESTIGATION OF
THE LOW SPEED TRIM AND STABILITY CHARACTERISTICS OF A
COAXIAL HELICOPTER WITH HINGELESS ROTOR ON THE PRINCETON
DYNAMIC MODEL TRACK, Princeton University, TRN 1196,
September 1974.
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Forces and moments acting on the model were measured as a
function of ccntrol position and flight condition with primary
attention directed toward those parameters pertinent to static

trim and stability and control derivatives. The model was
also mounted on a gimbal which allowed freedom in the three
rotational degrees of freedomn. Damping derivatives were

determined by freeing selected degrees of freedom and
recording the model o¢scillations 1in response to an initial
offset from trim.

The single most significant static test result was that the
model was not trimmable 1in pitch at a 0.05 advance ratio, 20
knots full scale, with a 70-~degree control phase angle (')
setting (Figure 26). The model cyclic control limit and the
aircraft projected control 1limit, as establisned by control
system clearance, are shown for reference. Note that neither
the model nor :he flight vehicle can be trimmed with a 70-
degree control phase angle in low-speed flight. This is
another implication of the inflow variation over the rotor
discussed earlier. The aircraft control phase angle is main-
tained 1in the 20- to 40-degree range in low-speed flight.
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Figure 26. Longitudinal Control Versus Control
Phase Angle Characteristic.
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Phase I Tests:

At the inception of Phase I testing in the UTRL 1l8-foot-sec-
tion main tunnel, pressure surveys across the test section,
flow visualization with smoke, and test section wall tufts
demonstrated that the flow quality was adequate for acquisi-
tion of meaningful data down to 8.5 knots tunnel speed (20
knots simulated full-scale airspeed).

The method of testing was unigue in that the model was vir-
tually flown to a desired test condition. This test procedure
was possible because of a special model mounting arrangement.
Instead of the conventional mounting to the tunpnel balance
system, the rotor s;stem, control system motor, and fiber-
glass/epoxy fuselage were mounted through a structural member
directly to a TASK six-compon2nt strain gage balance system
(Figure 27). The TASK balance thus supported the entire model
in the tunnel. Task balance data were processed on-line by an
integral computer program and displayed to the operator as
forces and moments at and about a selected resolving center
(normally the center-cf-gravity location). Blade feathering
of both rotors was operated controllable through an analog
computer model of the flight control system. Fuselage atti-
tude was independently controllable by the operator through
the tunnel strut system. The operator either nulled all
forces and moment values to simulate trimmed flight or
szlected particular force and moment values to simulate quasi=-
accelerating flight conditicns. Stability and control deri-
vatives were obtained by fixing all trim parameters and chang-
ing each appropriate state or control variable in turn.

Level flight controllability tests were conducted in Phase I
for forward flight speeds up tc 80 knots simulated full-scale
airspeed, control phase angles (r) from ¢ to 40 degrees, and
rotor speeds from 88 to 100% N_. At 88% N, and with a I' of 40
degrees, longitudinal cyclic réﬁuired for %rim was excesslive.
Evaluation of the data showed that blade stall occurred on the
retreating side of each rotor. The model blades had 10 per-
cent less solidity than the full-scale aircraft; thus, tests
at the equivalent full-scale disc loading resulted in a high
blade 1loading on the model. Reducing model thrust b: 16
percent to simulate equal blade loading eliminated blade stall
and reduced longitudiral cyclic pitch required for trim <o
nominal values. No blade stall w~as apparent on the model at
100 percent rotor speed, even for the l0-percent higher blade
loading.
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In low-speed flight, the center of lift on each rotor was
controllable fore and aft as well as laterally. At a given
advance ratio, an increase in control plase angle or a posi-
tive differential lateral cyclic pitch input moved the center
of lift laterally toward the retreating side of each rotor.
Although the fores/aft position of the center of the 1lift of
each rotor is collectively a function of the trim pitching
moment, it can be varied differentially between the rotors by
introducing differential longitudinal cyclic pitch. In this
way sharing of the trim pitching moment reguirement is varied
between the rotors. The control laws of the ABC rotor system
that provide the ability to not only control 1lift offset
laterally and longitudinally but also to control the thrust
sharing between the rotors are presented in Figure 28.

Phase 11 Tests:

This model test phase extended the speed range to a simulated
100 knots full scale, verified conclusions drawn from the
Phase I test, evaluated static stability characteristics and
man zuver control margins, and provided smoke flow-visualiza-
ticn data.

Test data confirmed that control phase angle (I') is an effec-
tive parameter for contrelling lateral 1ift offset. Figure 29
demonstrates the degree of lift offset control available with T
at a fixed airspeed and the migration of offset toward the
advancing side with airspeed. Although data for the lower
rotor is shown, the upper rotor has the same offset percent-
ages for total system roll balance. This lateral 1lift offset
control is the essence of the ABC concept. It allows optimum
use of the higher dwvnamic pressure on the advancing side of
each rotor. Excessive 1lift offsets result in excessive bhlade
. root stresses and vibration and low blade tip clearances.
' Small lift offsets result in less than optimum 1lift to drag
ratios due to requiring too much lift from the 15w dynamic
pressure high-drag retreating side.

Tests ot nose-up and nose-down attitudes verified the maneuver
capability of the ABC (Figure 30). Sufficient longitudinal
cyclic margin was demonstrated for flare and acceleration
maneuvers in excess of 1.5g load factors. Adequate controll-
ability was also demonstrated for trims and flares in rearward
and sideward flight.

The ABC model exhibited low-speed stability characteristics
typical of a high disc-loading rigid rotor VTOL ailrcraft.
These are a strong instability with angle of attack alcom-
panied by a strong speed stability. At speeds simulating 50
knots full scale, the horizontal tail became effective enough
to counter the rotor stability characteristics.
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Figure 30. Cyclic Margin for Maneuvering Flight.

Smoke flow-visualization was utilized to obtain gqualitative
information on the rctor flow field and its effect on the
horizontal tail and interrotor interference (Figure 31). Most
noticeable is the strong upwash of the wake at the leading
edge of the disc, the downwash skew angle at the rear of the
disc, and the early wake roll-up as 1t moves aft. The latter
indicates the presence o¢f strong cross-flow and downwash
velocity components over the rear of the rotor disc. The
strong pitch-up tendency of the aircraft in low-speed flight
is attributed to the fore and aft downwash velocity distribu-
tion. This 1s the cause of the peak in forward longitudinal
cyclic pitch which occurs in the 25~ to 50-knot full-scale
airspeed range.

Phase II1 Tests:

Forward speed range was extended further to 170 Kknots, T
changes were evaluated up to a value of 70 degrees, and tail
incidence and rotor speed weve varied during this test. In
addition to forward flight, tests were conducted in sideslip,
climb and descent, and single rotor operation. These tests,
as well as runs for static =:tability and damping derivatives,
provided data to subsutantiate the aerodynamic characteristics
of the ABC in the helicopter mnde. The test resuits indicated
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that in a given trim condition, the location of each rotor
lift center is influenced primarily by tail incidence and I’

I proportions the azimuthal blade feathering into longitudinal
and lateral components. Tall incidence, on the other hand,
determines the pitching moment required from the rotors for
trim. Thus, in trimmed flight, T primarily affects the
lateral position of the lift center and tail incidence affects
the longitudinal position as shown in Figure 32. In cruise
flight, 120 knots full scale, T is more effective than tail
incidence in controlling the total rctor hub moment (vector
sum of pitch and roll moments) and, hence, blade structural
loads. The test data 1in Figure 32, then, suggest that a
programmed increase of I with forward speed can locate the
rotor lift center to contrel L/D, tip path plane clearance,
and blade stresses. Model power and stability were relatively
insensitive to I' so that adjustments of I' in flight =should

require little or no increase in pilot workload. It could,
however, decrease the low speed adverse stick gradients
(Figqure 33). Also shown in Figure 33 is the consistency of

data between the four test phases even though two totally
different typres of test facility were used.

The model was tested to angles of attack that simulated rates
of descent that were significantly higher than those associ-
ated with autorotation, and no structural, stall, blade clear-
ance, control or vibration problems were enccuntered. Auto-
rotative sink speeds were verified to be 2500 fom at 80 knots
full scale and 3500 fpm at 120 knots full scale. The data
also verified that the design collective range for the air-
craft was adeguate for autorotation entry up to 160 knots full
scale airspeed.

The stability derivative tecst data confirmed the analytical
predicted values. Longitudinal contrel power, pitch coupling
with collective, and pitch damping all tended to increase with
airspeed. In the lateral directional mode, the test data
confirmed that both weathercock and dihedral stability should
be good throughcut the cruise speed range.

Single rotor operation and dual ‘-otor with individual rovor
control inputs were tested to provide data for an evaluaticn
~f mutual interference betwean the upper and lower rotors tu
support design analyses. The test data verified that mutual
interference and airspeed dependent wake dJdistortion effects
are significant at low airspeed but diminish with increasing
forward speed. Also, the lower rotor, operating in the down-
wash field rf the upper rotor, was less effective in producing
moments than the upper rotor.
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Phase TV NAsSA/Langley Tests:

The 1/5 (0.1944) scale Froude model was tested in the
NASA/Langley 21- x l4-foot V/STOL wind tunnel in 1977. Tests
of the pure helicopter, nacelles off, validated data con-
tinuity with the previous UTRL main tunnel tests. Tests of
the pure helicopter, nacelles on, establiished a flight
envelope with J-60 propulsive jets shut down. An envelope to
120 knots was verified (Figure 24). The major tests, however,
emphasized the auxiliary propulsion configuration with propul-
sive force provided by the J-60 jets. These were simulated on
the model by NASA~supplied compressed-air ejectors.

The tests were planned to evaluate the complete auxiliary
propulsion speed envelope up to the 325-knot dive speed. Data
were obtained for trim at 120, 150, and 200 knots simulated
full-scale speeds and trim surveys at 150 and 200 knots.
Problems were encountered with the model blades during tests
at higher airspeeds.

A set of rotor blades was destroyed by blade tip contact while
trying to trim at 250 knots with 70 percent rotor speed. It
was subsequently determined that inadequate control of the
rotor 1lift center was the basic cause of the blade tip con-
tact. A new set of blades was installed and trim at 250 knots
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Figure 34. Helicopter Trim (Nacelles On).
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was attained. However, before recording the trim data, a
cyclic impulse was applied to evaluate blade edgewise damping.
A malfunction in the control console resulted in approximately
6 degrees of cyclic impulse being applied, which destroyed the
second set of blades. As a result, no trim data were obtained
for the 250-knot condition and auxiliary propulsion testing
was terminated. A third set of blades that had accumulated
many hours of use in prior UTRL test phases was inscalled on
the model and hover tests were conducted expressly for NASA
(Reference 8).

A sample of auxiliary propulsion trim data at 100 percent
rotor speed and 40 degree control phase angle is presented in

Figure 35. Also shown are ABC normal modes analysis predic-
tions which show reasonably good correlation with the test £
data. The analytic data were obtained by specifylng test ?

airspeed and collective control. The computer trim algorithm .
calculated the corresponding attitude, longitudinal control, i
auxiliary thrust, etc., required for trim.

Trim surveys involved retrimming the model with successive

variations in rotor speed, stabilicer incidence, and angle of
attack about level flight trim at 150 and 200 knots. Rotor
speed was not varied at the 150-knot condition. Attitude,

collective, and 1longitudinal cyclic requirements resulting
from these tests are presented in Figures 36, 37 and 38. The

test data indicate that at 200 knots full scale, reductions in
rotor speed will be accompanied by an increase in pitch atti-

tude (Figure 36). This positions the rotors in an orientation
that approaches autorotation. As a result, collective pitch
and, correspondingly, longitudinal cyclic for trim are reduced.
At both 150 and 200 knots full scale, an increase in angle of
attack also reduces collective and longitudinal cyclic control ;
requirements for the same reason (Figure 37). An increase §
(less negative) in horizontal tail incidence at constant pitch

attitude produces the same downtrend for collective and cyclao

pitch, but fcor a different reason (Figure 38). When hori-

zontal tail incidence 1is changed to a less-negative setting

its down-i0ad and nose-up pitching moment contributions are

decreased. Rotor lift and nose-down moment reguired for trim

are correspondingly reduced. This results in a reduction of

trim collective and cylic pitch. 1f collective pitch wece

leld constant, an increase in tail incidence would regquire a

lower pitch attitude to balance the 1ift and moment change.

i
H
|

8. Phelps, A.E., and Mineck, R.E., AERODYNAMIC CHARACTERISTICS
OF A COUNTER~ROTATING, COAXIAL, HINGELESS ROTOR HELICOPTEK
MODEL, NASA TN-78705, May 1978.
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FATIGUE TESTS

Fatigue testing was conducted to demonstrate the structural
adequacy for flight testing of the XH-59A technclogy demon-
strator aircraft. Since the aircraft was a one of a kind
demonstrator, fatigue testing was limitea primarily to com-
ponents whese design varied substantially from normal produc-
tion design and fabrication techniques. With one exception,
fatigue testing was limited to one specimen. With the excep-
tion of the items discussed hevreli, the endurance and abort
limits for components were based on analytical limits backed
up by data obtained from testing similar components from other
aircraft. In additiocn to the fatigue tests, the dynamic
components were subjected toc a minimum of 200 hours of testing
on a propulsion system test bed (FSTB).

Upper Reotor Hub Photcelastic Stress Survey

The purpose of these tests was to 1nvestigate stress distri-
bution in the XH-59A upper main rotor, providing verification
of design analysis and establishing locations of critical
strain gage instrumentation for both the subsequent propulsion
system test bed and aircraft testing.

This cffort consisted of a series of tests conducted on two
half-scale nlastic models of the XH-59A upper rotor hub and
sleeve assembly. Photoelastic and electrical resistance
strain measurement technigues were used to investigate stress
distribution and to expose potentially critical areas.

An aluminum filled epoxy model was subjected to a range of
